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NOTICES

Disclaimers

The findings in this report are not to be construed as an
official Department of the Army position, unless so desig-
nated by other authorized documents.

The citation of trade names and names of n.anufactu-ers in
this report is not to be construed as official Governmen
indorsement or approval of commercial products or services
referenced herein.

Disposition

Destroy this report when it is no longer needed. Do n,3t
return it to the originator.
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ERRATA SHEET

The following items are reproduced on this errata sheet to improve clarity:
(1) Figure 20, from page 74; (2) Table 7, from page 81; (3) Table 8, from
page 82; and (4) Table 9, from page 83.
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I INTRODUCTION

1.i GENERAL

1. 1. 1 Contract/Scope

This work was accomv.lished under Contrac' NuM:).r (J.AD.7 ,-'- 

with the U.S. Army White Sands Missile Range. The contract becanE

effective on 7 February 1980 and constituted less than one half man ,year

of "echnical effort. The Contracting Officer's Technical Renresentative

Mr. Ronald Cionco
A"tmospheric Sciences Labora'or':
A:*n: DELAS-BE-C
WVhlte Sands Missile Rance, N NI '002

7



1. 1. 2 Overview

Environmental conditions often dictate cffecti'.',ne - - 7U - , 

and defensive weapon systems. Such things as t(-rrain, vr ttiv ",

weather determine in what direction, how far, and wvna" d-ec:ree of c:A'

target can be acquired, isolated, and distinguished from:r, surrounor:

For a particular season and theater of operation, weather offers a-

est day to day change that influences weapon system, perfor-mancr .

are being conducted to develop techniques to determine "seeabili:"

obscuration from natural as well as battlefield induced :ontaminaes.

siderable attention is being directed towards electro-optical (EO) enerqc'!

absorption due to gaseous molecules, scattering due *o haze, smc -e, f:c:,

cloud, rain, snow or hail, and beam wandering due to small scale tur I.-

lence and temperature fluctuations. Obscuration due to scatering,row,\:,

depends greatly upon the energy wavelength of the viewing sensor ieir,

to type, number and size distribution of atmospheric litho- and hyiro-

meteors.

The scattering process itself behaves nonlinearly and, by necessity,

obscuration models must consider such meteorological microphysical fea-

tures as number concentration and size distribution of particles. It is

unreasonable to expect observations of these microphysical features within

a battlefield environment. Thus it becomes necessary to work withn th

scope of routinely available weather information to infer the microfea-

8



tures and to define the actual scattering medium. Geo-Atmospherics U',r

ration has developed weather models to depict hour by hour variations o:

scattering media important to Army weapon system performarce.

Better instruments and experimental data gathering programs are nc-

essary to establish reliable data bases of atmospheric microohysical fea'rc.

of liquid and solid particles associated with the wide rance of pcssi-Lc

global weather. These data must have the accuracy demanded for ua5i:

s:udies on their impact on design and operation of E0 s,:,es. . :a,,

a number of static models have been developed , rfpr'en" ms::.,:i

,,,articles for a particular type of environment. 'or a a ic, 8eros11'

have been generated to represent "typical" conditions (xpctec to Lc V,:.i

in Continental or maritime regions or at different levels in ,ne atMsr;spncr .

Some of these models are:

A. Rural Model - which is to represent the natural

midlatitude environment found in the

country or in clean air urban region:
found after a cold front passacc.

B. Urban Model - which is to represent the industrial
aerosols found in cities and in rural
regions experiencina air stagnation
and subsequent air pollution build-u:.,.

C. Maritime Model- which is to represent the open ocea.
regions at least 300 km offshore wv'lh
a moderate surface 3ir wind speed.

9



D. Tropospheric Model - which is to normally represer,: "..e
turbulent layer of the atmosphere Ie-
tween the top of thE boundary layer
(about 2 kin) and the tropopause ( .-

18 km, depending upon season and,i
a greater extent, latitude) as well a,3
those special boundary layer cases-

when the surface air layer over land

is calm and clean (meteorological
range greater than 40 kin).

E. High Level Models - which is to represent aerosol distri-

butions within the stable stratosphere

(from the tropopause to about 2 .(j

and the mesosphere (from the "o-

the stratosphere to about 80 ki.).

Similar types of static models have been developed for fog, cloud,

and rain conditions. The atmosphere is, however, a fluid in motion 'ha*

produces continuous rather than discrete spectrums.

What we have done here is to take the first step in developing ci;-

namic models that relate particle type, concentration, size distribution, an_

their vertical variation to observed dynamics and thermodynamics of the

atmosphere that exist at any instant in time. A ground rule established was

that only routinely available standard surface and upper air observations

and/or forecasts would be available for use in a real-world battlefield en-

vironment. As such, a number of simplifying assumptions had to be made,

to use meso and synoptic scale data to depict microscale features. Not

all gaps were closed and much remains to be done but significant advances

10
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were made in dynamically modeling litho- and hydro-meters important to

operational performance of Electro - Optical Systems.
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1.2 MODELING EQUATIONS

1.2.1 General

There is no question that adverse weather is detrimental to electro-

magnetic energy propagation. Theoretical and application techniques have

been developed to simulate atmospheric radiative transfer effects to deri,"

obscuration expected for any sensor. What is required is a quan'itativc

description of the scattering medium that is needed in order to be able

to derive obscuration. The problem is how to map three dimensional dis-

tributions of microphysical scattering media given only routinely available

surface and upper air meteorological information.

Before dicussing the techniques used to develop the dynamical models

for fog, cloud, and rain conditions, it is worthwhile :o consider the (iif-

ferent characteristics associated with the two most popular analytical

methods used to depict particle size distributions, namely the power J3"

and the exponential (modified gamma) equations. The equations will be

presented and discussed to show shapes and characteristics responsive

to the wide variety of atmospheric particles. For the purposes of this

study the particle sizes vary by six orders of magnitude. Each type of

particle has a typical mode radius and range of values, as shown in

Table I. Although size distributions vary within each category which must

be considered, it is equally important to develop modeling schemes that

account for the extreme variations among different meteorological events.

12



TABLE I Typical Atmospheric Particle Sizes

Particle Type Mode Radius Radius Range
micrometers micrometers

Continental Aerosols 0.02 .002 - 20

Maritime Aerosols 0.2 .02 - 2,

New Fog ( 1 hr ) 4 1 - 40

Old (Evolved) Fog ( 2 hr ) 10 1 -

Fair Weather Cumulus 3.5 1 - -

Stratus/Stratocumulus 4 1 -

Altostratus 5 I -1

Nimbostratus 5 1 - 41)

Cumulonimbus 6 1 - 10

Mist (0.05 mm/hr) 75 550

Drizzle (0.25 mm/hr) 150 6 - 750

Light Rain (G mm/hr) 175 6 - 12501

Moderate Rain (4 mm/hr) 200 ) - 1750

Heavy Rain (16 mm/hr) 225 6 - 225n

13



1.2.2 Power Law Size Distribution

One of the most popular methods in use today to rrcir.sent sclij.1

aerosols in the atmosphere was developed by Junge in 195'. From many

of his aerosol measurement studies he found the concentration peaked &

a radius of about 0.02 Mrm but remained linearly distributed between about

0.1 to 10 Mrm, when plotted on a log log scale. This linear rangC cover.

the most optically interesting phenomena in a hazy a!:nosphere. T,.

smaller aerosols in this range provide a bluish tinge to thin hazu, those 

around 0.3 pm are most important in determining what we call visibility LI

in haze, and the larger aerosols, which are fewer in number, can prov'Ide

beautiful red sunsets. Therefore, Junge's power law representatior. of

aerosol size distribution and concentration is very appropriate in defin.

EO responses to haze and it is simple to derive from measured data an:.

simple to use.

Junge's power - law size distribution function is:

n(r) = d N __-- - C r -v (I)

d log r

where n(r) is the number of particles per unit interval of radius and per

unit volume, C is the surface air particle concentration factor, r is he

aerosol radius in um, and the exponent v defines the slope of the distri-

bution curve.

14



Often the nonlogarithmic form of equation (1) is desired. Since

d log r = 0.434 d In r and d In r dr

then equation (I) can be rewritten as:

n (r) = d r = 0.434 C r -( v 1) (2)

We will use this form of the power - law equation. Therefore tne Lar'icle

concentration ( N ) say for all particles equal to or greater than radius r,

becomes the integral of equation (2 ) as

N = 0.434 Cf r -v + I) d r (3)
.r1

T'e units for droplet or aerosol concentrations, n (r), are cm - 3  -.

Therefore the units for total particle concentrations above a given radius

are cm 3

]fl
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Figure I shows how the power law size distribution given in Eq. (2)

varies as a function of the exponent v and the factor C. Plotted in Fig. 1

is the aerosol concentration as a function of haze particle size radius.

These plots are made for continental air near the earth's surface assuming

two different slope factors v and two visibilities, which effect th( Con-

centration factor C. Later we will describe the rational and equations we

developed to specify C and v according to changing meteorological feaure'S.

For now, we want to demonstrate how the power law distribution changes

with a fixed C and variable v and for a fixed v with variable C. 'rFi.I

shows two visibilities, 1 and 10 kin, which translates to concentration

fac-tors C of 30 and 3, respectively. The exponents shown correspondt to

v values of 3 and 2.

Notice in Fig. 1 for a constant concentration factor, visibility 1 '%-M,

as the exponent slope factor v decreases in value the aerosol size dis-ri-

bution curve becomes more shallow resulting in fewer numbers of smaller

particles and larger concentrations of larger size particles. Typical values

of v are 2 and 3 for fog and haze particles, respectively, and are shown

plotted in Fig. 1 for 1 km visibility conditions. It is not unusual t

have both haze and fog present during 1 km visibility conditions. Fig. I

also shows that curves for a fixed value of v are parallel but displaced

vertically according to the value of the concentration factor C which

17



represents the number of particles restricting the visibility. Thus by re-

lating the value of v and C to meteorological events it is posslbhi, to

derive corresponding particle size distributions.

18



1.2.3 Exponential or Gamma Distribution

One disadvantage of the above described power law distribution fLr.c-

tion is that the curve is linear on a log log plot. This means *ha. if a

preferred concentration of particle sizes occurs then a peak would exist in

the distribution and may not be well represented by the power law approa2c...

Haze, fog, cloud, and rain particles often have a Pearson type Ill or

normal distribution where the number of particles increases rapidly as parti-

cle radius increases and reaches a peak value after which there is a

slower decay or trailing off of particles at increasingly larcer sizes. "1he

exponential or gamma distribution can handle these types of distributions

but a, the expense of greater complexity than the power law distribution.

A popular form of the exponential function is given by Deirmendian

as

n (r) = d N / d r = A rexp(- B r) (4)

where n (r) units are cm - 3 m - , with particle radius r in micrometers,

ans A, B, C0, and Y being positive constants. Taking the derivative of

Ea. (4) and settling it equal to zero gives the mode radius, rc, that rep-

resents the radius of maximum concentration occuring a! the peak of the

size distribution curve and is expressed analytically as

19
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Yr =a/BY ()

The concentration, N, or total number of particles per unit vClume

can be derived by taking the integral of Eq. (4) between -h- 1imii of

zero and infinity to obtain

N = AY-I B-(a+1) /V (6)

where Irepresents the gamma function. Prom this we can see tha" "he

coefficient A is proportional to the visibility or number concentration ,

atmospheric particles and is given by

A = N Y B (a+ i/vY) / F(a 1 /Y) (7)

Most often Y is set equal to 1 for computation simplicity and +:D reduce

Eq. (6) so that the gamma function is finite if a I > 0 and if a-

is an integer then

r(cv+ I ) a (8)

Thus with the above simplifications of Y= I and a + I an integer, Equatio:ns

(4). (5), (6), and (7) can be rewritten

n (r) = d N /dr A r" exp (-Br) (9)

rc = a/B (i0)

N = Ac! B(,+ 1) (1)

20



and A = ( N / a ) B ( + I)(12)

Normally what is done is to select constant values for ,ON,

and rc to represent static conditions for a given fog, cloud, or rain 'ype

in order to specify particular models to represent "average" particle size

conditions. We are interested here in developing dynamical models of

Particle size distribution by turning the above so called "constants" into

variables that are related to the type and changes of actual weather --

servations. Therefore let us now attempt to translate those "constants"

in terms of meteorological variables.

The linear mean radius, rm, is the sum of all -hc dro. lo" radii di-

vided by the total number of droplets so

rm + f rn (r) dr (13)

A ( 1+ 1) (14)

so
rm (a 1)/B (15)

therefore
r m = ( + 1) r c /CI!6

By definition the fog or cloud liquid water content, WL, gives the

total mass concentration of liquid water by

WL m- 3 ) 10 -6 ( 4,/ 3) P w fr 3 n(r) d r (17)
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where P is the density of water in g cm - 3 and r is ir. microme'-rS.

Expanding Eq. (17) gives

WL = 10-6 4 7r/ 3 ) P A (a 3) / B ( 4 (1

w

Meteorologically speaking the density of water is essentially onec cC 7,

the liquid water content can be inferred from visibility observations ir.

the Darticle displacement along a moist adiabat in clouds, and thie in-

tensity for rainfall, and the coefficient B is defined by the mode radius a-

shown in Eq. (10). Thus we can solve for the coefficient A in Eq. (iV)

and obtain

A = 10- 6 (47r/3 )-l (a/ rc )(O+ 4 ) WL / C(- 3) (19)

Cloud and fog dropsize observations show that the mode radius r variesc

with such things as cloud or fog type, age, and height above cloud or foc

base. Assuming we can reasonably approximate the mode radius and liquij

water content then we are left with only the shape factor a as a variable

needed before we can specify particle size distributions given by Eq. (9).

We have made a number of calculations to show how the particle

size distribution changes according to individual changes in liquid water

content, mode radius, and curve shape factor. First, Fig. 2 shows two

different ways used to plot particle size distributions. The top log-log

plot is a computer output solution of the above gamma equation for five

22



10'

101.

E

10/13

1,00 10')

RADIUS (micrometers)

1(30 1 1

Concentration Water Content

80 (cm JO*
E A; As 450 028

SC 350 0.09
60 - S Ns 330 0.40

40 'N

0 I
0 5 10 15 20

RADIUS (micrometers)

Fig. 2. Two Ways to Plot Cloud Particle Size Distributions.

23



different cloud types. The bottom linear plot of observed particles for

altostratus (As), stratocumulus (Sc), and nimbostratus (Ns) clouds :K,,'ws

the familiar Pearson type II distribution. There is no preferrel w-3. to

present such data. We will use mostly the log-log method beoa, c, .a1-

ler concentrations of particles can be plotted with greater ease.
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Figures 3, 4, and 5 show how the particle size distribution -iven

by the exponential function varies when only one variable is allowed to

change. Plots in Fig. 3 depict two orders of magnitude change in liquid

water content while the mode radius, rc = 4 urm, and shape factor, Gt = 4,

remain constant. What is most striking in Fig. 3 is that the maximum

density d N i d r varies from about 4.5 to 450 droplets per unit volume and

radius interval (cm - 3 , pm - 1 ) which represents significant differences in

density of or visibility in clouds or fogs. Thus if we can infer the mode

radius and shape factor for a specific type of fog or cloud then we can

infer the number density of the droplets by obtaining a measure of the

!iquid water content.

We made calculations to show how variations in the shape factor

coefficient of could be used to represent narrow or broad distributions in.

particle sizes. Fig. 4 shows, for a fixed liquid water content and mode

radius, that as one selects higher and higher values for c one obtains

sharper and sharper curves that represent a more narrow distribution of

particle sizes. Also note that as the drop size distributions become broad-

er, the number density decreases for the most frequently occurring particles

while increasing for the small and large particles. Therefore, by knowing

something about the variance or distribution of particle sizes associated

with particular fogs or clouds it should be possible to select an appropriate

shape factor.
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Lastly, we calculated droplet density for three environments wtere

the most frequently occurring particle size was 4, 6, and 10 micrometers.

During these computations, the liquid water content and shape factor were

held constant. The results, Fig. 5, show the peak curve displacement

corresponds with the selected mode radii and the peak number density of

particles decreases as mode radius increases. Often a particular mode

radius is representative of a particular type of fog or cloud. Thus by hav-

ing information or observations on the liquid water content, the radius of

the most frequently found droplet, and the variance or breath of particle

sizes, we can select variables in the exponential or gamma function ea'a-

tion to depict a wide range of unimodal particle size distributions.

In the following report we will be using both the power law and

exponential size distribution concepts described above to develop litho-

and hydro-meteor models that can be specified given only routinely avail-

able weather observations.
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2 DYNAMIC MODELS OF PARTICLE SIZES

2.1 LITHOMETEORS

2.1.1 Continential

2.1.1.1 Ground Level Variations

The underlying surface (land, ocean, vegetative, barren), soil "ype

(humus, clay, rocky), soil condition (wet, dry, compactel1, loose), atmo-

spheric stability (convective, stable), and wind speed (soil erosion, vertical

and horizontal advection) are important in determining type, concentration,

and size distribution of lithometer particles as a function of space, time,

and height in the atmosphere. To further complicate matters some dust

grains are nonhydroscopic while others, especially salt containing particie3,

are highly hydroscopic. These hydroscopic particles include

many well known things as salt from the sea, tars and resins from orqanic

plants, smoke from industrial and battlefield fires, and the usual sulfate

and nitrite chemicals from organic, combustion, and photochemical processeF.

Tne thitng is, hydroscopic particles are not only important as ligh" scat-

terers but also provide particle size changes as the ambient relative humidity

approaches saturation and also provide the most active condensation nuclei

needed in the cloud physics process of cloud/fog droplet and precipitation

formation. In fact studies have been conducted to show light attenuation

or visual range restriction as relative humidity increases, Fig. 6. The
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important fact to us is that visual range or visibility is nearly linearly

related to variations in relative humidity greater than about seventy pe:

cent. That is to say that we

6

5

2

40 5o 60 70 80 90 0

Relative humdity ()

Fig. 6. Variation In Visual Range With Relative Humidity.

will consider variations in the particle size as a function of relative hu-

midity to be incorporated in meteorological observations of visual range

or visibility.

Dust particles, lithometeors, or haze are usually contained within

the radius size range of 0.01 to l0 micrometers with a peak or most fre-

quent particle radius of about 0.02 micrometers. There are two points of

most interest to this study. First, most Army electro-optical systems are

degraded or adversely effected by particle sizes equal to or greater than

0.1 micrometer In radius. Second, particle size observations at the earth's

surface, at different geographical locations (Baltimore, Minneapolis, and

Seattle) representing east - west coast and mid-sections of U.S.A., and

day and night aerosol observations (Los Angeles) all show distributions
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having a r - 4 dependence as given in Eq. (2). That is to say, the con-

tinental aerosol size distribution at the earth's surface follows a power

law curve whose exponent is - 4. The exponent in Eq. (2) is -( v - I),

therefore, a value of v = 3 is typical of ground level haze aerosols. The

number density or vertical displacement of this curve, however, can vary

considerably depending upon the number of particles suspended in "he air

a: a given instant in time, which in turn is related o meteoroloqical vis-

ibility.

Before Eq. (2) can be solved to derive 'he number density of haze

aerosols it is necessary to obtain a measure of the particle concentration

factor C. McCartney has shown that this concentration factor is directly

proportional to the backscatter coefficient which in turn is propoitional lo

the meteorological range, R%,, at optical wavelengths. We have plotted

his values of the surface air particle concentration factor (C) 22 a function

of meteorological range(Rm) in kilometers, see Fig. 7. McCartney pre-

sented data points for v in Eq. (2) equal to 2.5 and 4. Prom Fiq. 7 it

can be seen that our derived equation

C = 30/ Rm (20)

represents a reasonable fit to these data. More importantly, Eq.(20) al-

lows us to use visibility observations reported over standard meteorological

networks to infer variations in the number density of haze paricles

as weather conditions vary.
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2.1.1.2 Upper Level Variations

Aerosol variations with respect to geographical location and meteoro-

logical conditions decrease with height and often are considered to be

non-existent near the troposphere, about 10 km. A bimoJal distribution of

aerosols is sometimes observed to increase with height above the earth's

surface. In a static time dependent atmosphere it is not unusual for

small particles to coagulate and form an ever-increasing size of lower

concentration particles. There are, however, atmospheric regions where

other forces retard this action and the maintenence or production 3: sm-il

>articles remains high. Such appears to be the case in or arounil the

tropopause height. This effect is shown in part by observations take..",

Blifford (1970) over Death Valley, as shown in Fig. , for :hree different

neights, namely 3.5, 6, and 9kin. This figure also shows the gravita,i-n3l

settling effect on large particles so that a fewer number of larcer p :t -

ties -xis: at higher altitudes.

A great deal of dispersion exists among investigators in terms at

what the vertical distribution is for atmospheric aerosol particle concen-

trations. This is clearly illustrated by Fig. 9. For example, the spread

at 12krn shows a dispersion of more than an order of magnitude. A "ypical

'clear" atmospheric profile of aerosol concentration as a function of hcight

is presented in Fig. 9 as plotted values of "C", which correspond to a

clear atmosphere having a 23km range of visibility. Superimposed upon
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,his "clear" plot are a series of "H" values representing a hazy atmo-

sphere whose influence extends from the ground surface to 5 km, above

w.ch the "hazy" and clear atmosphere have the same aerosol number con-

centrations. For this case, the hazy atmosphere corresponr2 with a gru;t"

level horizontal visibility of 5km. Also plotted for comparison is Toon'

and Pollock's data ( T. 15 for aerosol number concentrations for jar*,cie

equal to or greater than 0.15 micrometers in radius that are found te-

7ween the surface and 12km. Elterman's early data in 1964 resulted in a

s*raight line in Fig. 9 extending from the surface to 10km, cut more recent

-.a a in 1968 with better instrumentation displayed a break at 4 <M. wi.. a

small change or nearly constant value of particle concentra-,on wi,' r

see Fla. 9. As shown in Fig. 9, the hazy and clear models as v ell as

the Elterman and Toon's data plots include those particle sizes that are

most important in either remotely probing the atmosphere or studying or-

tical or infrared radiational characteristics of the atmosphere. What is no-

shown, however, is how these particle size distributions rbhange with height

and changing weather -nvironments.

We were looking for a measure of the change in particle size dis-

tribution as altitude increases above ground level. Blifford's balloon borne

observations over Death Valley, Fig. 8, showed that the particle density

not only decreased with height but so did the slope of the particle dis-
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t lution curve. More recent aircraft data were c llec',- *'.e .

Europe by Cress, see Fig. 10, which showed s : i r Iesult -

aeneral the observed distributions near the surfac, na,! a r-' whl:(-

at about 5km had a r- 2 slope. Cress plotted the exponent of r aS

lunge Slope as a function of height and for spring, s immer, ar ..... "

obtained a linear fit to the fall data, Fig. 11 , and derived

v = 3 - 7 / 2 (2

where the lunge Slope - (v I ) as given in the Ly-wer - law Eq. (2),

nd Z is the height about ground surface in k,n. The airborne ecui::t

sampled aerosol sizes from 0.2 to 6 micrometers. Observation-s we.

tak-en under a wide range of meteorological conditions, including clVar a:.i

overcast skies and visibilities varying from excellent down "o

scatter of data points exists at all heights , should be expect(t

physical variations previously discussed, e.q. underlying surface, atmo-

spheric stability, wind, etc. Cress summer Junge Slope observations have

about the same slope found in the fall data but the surface value for the

Junge Slope is -5. This implies that the warmer and dryer underlyinq

surface and more unstable boundary layer during summertime generates a

larger number of smaller aerosols. The spring observations, Fig. 12, had

a curvalinear distribution of Junge Slope with height and no one linear
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curve covers the entire range of data. For thf? fall and spring J i'. .

linear relation can be obtained between the sirface and 4 -: L' :s n:

Eq. (21) and holding the lunge Slope constant at -2 foc hei'-hts auv,

4 km. The same can be applied to the surmmer data so that the summ!

equation becomes

v = 4 - / / 2 (&?)

where again the lunge Slope = - (v + I ) as given ir, the power -- lav

Eq. (2), and Z is the height above ground in km. and can not exceec a

value of 4km. At heights above 4km in summer v,equals a constant ,.1* e

of 2 so the Junge Slope remains constant at -3.

We now want to obtain an equation to describe the decrease in "he

total aerosol concentration with height. Fia. 9 shows two models and twu

data sets and, although they vary widely in the value for Fartlcle conc, n-

.ration at a specified level, they all show an exponential i(eccasc wiir.

height from the surface to about 5km. Above that height, ,otal p3rAiCl

concentration remains essentially constant up to the tropopause. In 13)54

Penndorf derived

Nz = NO exp (- Z / H ) (23)

to give the total number concentration of aerosols at a given height, NZ,

as a function of the total concentration at ground level, No, the height in

42

.. re " I



the atmosphere in kin, Z, and a term called the scale height in kmn0 H.

Penndorf's data suggested variations in H from ) 2 to 1.4 km. More re-

cently in 1970, Elterman made simultaneous observations of meteorological

range ( Rm ), optical attenuation coefficients, and aerosol scale height. Ir.

Fig. 13, we have plotted his data points and derived

H = 0.8 + Rm / 30 (24)

where H and Rm are in km. This Eq. (24) applies for visibilities ranginc

from 0 to 18 km. The scale height remains constant at 1.4 km for visi-

bilities greater than 18 km. By using Equations (23) and (24) it can be

seen :--at as surface visibility increases the aerosol concentration with

height decreases.

Thus it is possible to use the relations developed in this section

to specify number density, concentration, and ve -Il distribution of

aerosols as a function of routinely available weather data.
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2.1.1.3 Dynamic Procedure

Now we will present our sequence of steps taken to use standard

meteorological observations to infer continental haze particle size distribu-

tions having radii equal to or greate. than 0.1 micrometer. These steps

are:

1. Determine surface air particle concentration factor C

from the observed meteorological range (Rm) in kilo-

meters where C = 30 / Rm .

2. Derive the surface air particle size distribution usinu

n (Z,r) =-r---=0.434Cr-( v + I ) where n(Z,r) is in units

of cm - 3 Alma- 1 and v is an exponential factor related to

the type of aerosol and the altitude above the carth's

surface. We found the haze exponential factor as a

function of altitude Z in kilometers to be v = 3 - ./2

for times other than summer months, which is valid from

the surface to 4 km where v remai.ns constant . one for

higher altitudes. During summer months v = 4 - /2

from the surface to 4 km above which v remains constant

at 2.

3. Determine the average particle concentration N(o,r) a-

the earth's surface by using the equations for C and

n(Z,r) above and integrating the latter for sprinc and f311
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conditions from r to infinity. Thus

N (o,r) = 0.434 C (1/3)r - 3

For summer conditions

N (o,r) = 0.434 C (1/4-r 4

4. Compute the decrease in average particle concenlrativ

N(Z,r) as altitude (in kilometers) increases above *1,

ground using our empirical equation

N(Zr) = N(o,r) exp (- /H

where H is the atmospheric scale he.iht :n km tha,

varies with meteorological range as follows

H = 0.8 + RM /30

where H reaches a constant value of 1.4 for verv n

visibilities (i.e. Rm -" 18 Tn).

5. After deriving the average particle concentration ' a

particular height N(Z,r), the size distribution value r(/,:)

n(z,r) v r- 1  N(Z,r)
or

n(Z,r) ( 3 - Z/2 ) r - 1 N (Z,r) for spring and fafl
and

n(Zr) ( 4 - Z/2 ) r - N (Z,r) for summer

where Z in the right hand side of the equations can nevei

exceed 4 km.

Following the above steps, we made computations for aerosol size
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distributions at 1.8 and 6.1 km to correspond with Cress's aircraft ob-

servations in western Europe, Fig. 14 and 15. Cress particle size mea-

suring equipment was restricted to detections over the radius range from 0.2

to 6 pm. Considerable scatter exists in his observations which were

taken over a wide variety of weather conditions ranging from clear to

overcast skies and from excellent visibility down to a minimum of 5 kmr.

Now assuming the surface visibility is 20 km ( the same as used i f

the AFGL Rural Model ), the surface air particle concenration factor C

equals 1.5 and the scale height equals 1.4. So the average particle

concentration N(0,r) at the earth's surface is for sping and fall

N(,r) =0.434 (1.5) (+) r 3

N(0,0.1) = 217 cm - 3 for particles 0.1 pr

N(0,0.2) = 27.12 cm - 3  for 20 km visibility and particles ".2 Uz7:

N(0,0.4) = 3.4 cm - 3 for particles -, 0.4 gm
and 3

N(0,1.0) = 0.22 cm for 20 km visibility and particles 1.3 /um,

At an altitude of 1.8 km then

N(1.8,r) = N(0,r) e

N(1.8,0.1) 60.0 cm - 3 for particles 0.1 pum

N(1.8,0.2) 7.50 cm - 3 for particles 0.2 pm r
N(1.8,0.4) 0.94 cm - 3 for particles ? 0.4 um

N(I.8,1.0) 0.06 cm - 3 for particles z 1.0 um
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then
n(1.8,r) (3 - Z) r- N(I.8,r)

n(1.8,0.2) = 78.8 cm- 3 pm - 1 for r = 0.2 um

n(.8,1.0) = 0.13 cm- 3 Prrr1 for r = t.j /m

At an altitude of 6.1 kin, where Cress aircraft observations V:re :&h..

over western Europe, and assuming a 20 km surface visibility then

N(6. 1,0.2) = 0.35 cm- 3  for particles - 0.2 pm

N(6.1,1.0) = 0.003 cm " 3 for particles _ 1.0 pm
and

n(6.1,0.2) = 1.75 cm - 3 Um- l for r = 0.2 um

n(6.1,1.0) = 0.003 cm - 3 Um- 1 for r 1.0 pMm

Since from Eqs. (1) and (2) dN/d log r = (r/0.434) n(Z,r) then at 1.

dN/d log r = 36.3 cm- 3 um - 1 for r = 0.2 um

dN/d log r = 0.3 cm - 3 Pm- 1 for r 1.0 pjm
then at 6.1 km

dN/d log r = 0.81 cm - 3 Pm- l for r = 0.2 pm

dN/d log r = 0.007 cm - 3 pmr- ' for r = 1.0 Pm

In order to provide a means for comparison with our GAC Model, Ujlr)-

are shown in Figs. 14 and 15 for Cress's aircraft data, Blifford's impactor

data, and two models of the Air Force Geophysics Laboratory (APGL) i.e.,

AFGL tropospheric Model and the AFGL Rural Model for a 20 km visibility.

It can be seen that the GAC Model provides the best fit.
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2.2 HYDROMETEORS

2.2.1 Foq

2.2.1.1 Ground and Upper Level Variations

This section on hydrometeors will cover fog, cloud, and rain drop

size distributions. A-) overview of these features can be obtained from

Fig. 16 where it shows about a 12 order of magnitude change in number

density and about half that change for representing the possible range in.

droplet radii. Often in the real world there is a number of possible com-

binations of hydro - and litho- meteors occuring simultaneously. High

pressure regions with clear skies and stable boundary layers are condusive

to good radiational cooling and fog formation. Also i, is rno" unreasonaflre

to expect trapping of haze particles in the stable surface air layer an2 "I

have a mixture of both haze and fog particles. Other event combinations

occur, such as drizzle and fog, yet we tend to focus our modrlling r'ffor-s

on a simple event representation. That is also done here, however, ;.r'-)-

visions are made and results shown to combine outputs from multi modiels

to better simulate all reported weather.

Many types of fog exist to produce large spatial and temporal

variations in "seeability." Recent improvements and technology advances

in both particle sampling and sizing instruments and observational platforms

needs to be exploited in carefully conceived and implemented field ex-
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perimental and data analysis programs. Such data are basic to defining

microphysical structure as well as to generating synoptic and mesoscale

models as done here.

Fog conditions often go through three distinct stages. i.e. initial

oscillatory, steady dense, and break up stage. Particle sizes during the

initial oscillatory stage usually have a narrow range of values, the most

frequently occuring radius is small, the liquid water content is less, and

haze and fog particles combine to weight the size distributicn to smaller

sizes. Dense persistent fogs are older in character, havinq higher liquid

water content, broader range of particle sizes, larger mode radius, and

greater EO attenuation. The break up stage depends greatly upon the foQ

type, formation, density, thickness, and physical processes producing the

break up. The particle size distribution of breaking-up fog reverts back

more to a haze like character with an ever decreasing residual peak in

the concentration of the larger mode radius. Typical fog parameters are

shown in the following Table 2.

Table 2. Typical Fog Parameters

Parameter Fog type

Radiation (new) Radiation (old) Valley Advection

mode radius (Mm) 4 10 8 13

breath of size distribution narrowest broad broad broadest

vertical depth (m) variable 200 150 4T0
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The time period that usually separates new from old fogs is on the order f

2 hours after formation. Several other names have been used to describe

these fog types. For example newly formed fogs are sometimes called "se-

lective fog." Older or dissipating fogs may be called "stable fog" or

"evolving fog." Likewise advection fog near the sea shore is called

"coastal fog." Often "low mountain fog" is called valley fog and stratus

clouds intersecting a mountain are called "high mountain fog." We know

the preferred mode radius of fog has seasonal, geographical, and meteo-

rological variations that need better definition. Until these refined da-a

become available, for our purpose, the above listed mode radius will be

used.

Liquid water content of a fog must be specified in order to define the

fog density or concentration of droplets. Sensors do exist for directly

measuring liquid water content and these are the most accurate and reliable

but are not too feasible within a battlefield environment. Horizontal visi-

bility observations are available from routine and nonstandard observational

sources and may be used to infer liquid water content of fog. A number of

experimental studies have been made of liquid water content and atmospheri:

visibility. We have averaged some of these results and plotted three curves

in Fig. 17 to depict liquid water content versus visibility for coastal fog

and two inland fog types (new and old). The equations used in this study
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to derive fog liquid water content, W, in g r - 3 as a tunction of meteoro-

logical visual range, Rm in miles, are

Coastal Fog WL (27.15 Rm)- 1.43 (25)

Inland Fo -1.54Ola Od WL = (41.7 Rm) (26)

New WL = (58.8 R ) - 1.54 (27)

By comparing information from Table 2 and Fig. 17 it can be seen

that the narrowness or breath of drop size distributions is dependen on fo

type which in turn is related to liquid water content. That is to say 'r-a,

for a fixed visibility, liquid water content is higher and the drop size

distribution broader for coastal than for either inland fog types. In order for

modelling techniques to be representative the exponential function shape fac'or

a must vary as fog density varies to produce a size distribution which is

very narrow ( where at is large ) when the liquid water conten: is low and

very broad ( where a is small ) when liquid water content is high. We

analyzed a wide variety of droplet size distributions to obtain the following

shape factor relationship

a = 1 - 1.4 In WL (28)

where WL is the fog liquid water content in g m -3 . For computational

56



simplicity and so that our equations in section 1 of this report would not

have to increase In complexity, we placed two restrictions on the value

of a, first it can never be less than one,and second it must be rounded

off if necessary to be a whole integer.

The composition of inland fog normally varies with height above ground

level. The number of fog droplets per unit volume usually increases from

the ground to the top of the fog. Larger droplets and higher liquid water

content are usually found at the base of inland fogs whereas coastal fogs

are more homogeneous in the vertical. For older and more stable inland

fogs the drop size distributions become more narrow and unimodal and the

mean radius decreases with increasing altitude above the surface. For a

composite of old inland radiational and valley fogs we found averaae verti-

cal variations for mode radius rc and liquid water content WL to be

drc /d Z= -1 um/00 feet (29)

and d WL / d Z = - 0.4 g m- 3 / 100 feet (30)

with a minimum value of 4 pum applicable to rc. Observations of coastal,

advection, or marine fogs often show nearly constant or increasing liquid

water content with increasing height in the fog. For this paper we will

assume constant conditions prevail from the surface to the top of coastal

fogs.
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2.2.1.2 Dynamic Procedure

1. Use the output of analyses of meteorological surface and upper

air observations, such as our CFAS (Cloud Fog Analysis System)

or our CIVAS (Cloud/Icing/Visibility Analysis System), to identi-

fy the type, age, and thickness of fog, other restrictions to

visibility such as haze, mist, etc. , and the visibility.

2. Select the applicable mode radii rc from Table 2.

3. Derive the ground level liquid water content from either Eqs.

(25), (26), or (27).

4. Compute the shape factor from Eq. (28).

5. Obtain the coefficient A from Eq. (19).

6. Derive the B coefficient from Eq. (10).

7. Determine the particle size distribution n(r) from Eq. (9).

8. Derive the total ntmber concentration of droplets for all radii

using Eq. (o).

9. Plot the output of steps 7 and 8 to depict surface level fog dro-

let conditions.

10. Determine if other constituents are also restricting the visibility

and solve for and incorporate their contributions to the overall

particle size distribution.

11. Derive the vertical variation of rc and WL from Eqs. (29) and (3)

and incorporate and repeat step 4 through 10 to obtain particle
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size distribution at any desired level within the fog layer.

Using the above steps we computed particle size distribution for

observations (Jiusto 1979) of haze and radiation fog. Meyer's (1980) data

showed that a good linear relation exists between visual ranges equal to

or greater than 5 km and the cumulative number concentration of haze par t i-

cles. The number concentration almost remains constant for haze/fog con-

ditions with visual ranges from 1 to 5 km. For visual rances less than

about 1 km a linear relation exists between the number concentration and

visual range in dense fog. Therefore, for fog and haze conditions, the

haze component of particle size distribution was computed for a visual

range of 5 km and was held constant and added to the fog contributior

," ich varied with visual range. Our results are shown in Fig. 18 for "vwo

reported visibilities, 2.1 and 0,39 km. For comparison, observed size

distributions are shown for three observation :imes 0725, 0730 and 0801)

and visibilities 2.1, 1.4, and 0.39 kin, respectively. It is striking,

however, how good the major features and time trends are represented by

our haze/fog model.

59



103

"- - GAC Model

........ Fog/Haze
Data

101tE

/ *1

100

i0 
- z 2 

-

0.05 0.5 5.0 50

RADIUS (micrometers)

Fig. 18. GAC Hlaze-Foq Model .1ompred With Observed Data

60

S.'.1



2.2.2 Cloud

2.2.2.1 Cloud Base and In Cloud Variations

We have had a great deal of difficulty looking for commiron denomina'orv

that are applicable to the many cloud physics studies. This is due in :>at

to the fact that most investigators direct their attention to one particular

cloud type and then do not measure all variables importan: to a ,.re : cner 1-

ized study. For example, Table 1 shows that for a particular cloud type t"-re

is a most frequent particle radius that occurs on the average for all seasor.:,

and types of conditions. Yet it is not unreasonable to expect that cloud

particles and their distribution are dependent upon the environmen: in wr.c

they are formed. We have tried to take these features intc account from --

meso- and synoptic-scale point of view, knowing full well -ha- cerai: -

scale features must either be neglected, averaged, or inferred from current

observations.

Our desire is to be able to derive cloud characteristics at the cloud

base and heights within the cloud, given only standard meteorological b-

servations.

We have found that clouds formed primarily by convection (cumulus

and cumulonimbus), turbulence (Stratus, stratocumulus, and altocumulus) an!.

horizontal convergence (altostratus, as well as altocumulus) exhibit dis'inc',e

features but, most often when looked at In detail, their microphysics is dic-

tated by the temperature, pressure, dew point, and vertical motion tha* exists

61



at the cloud base and levels within the cloud. That is to say, originally

it was thought that each cloud type would have to be treated separately.

Now, however, we found that cloud base characteristics and their vertical

variation within a cloud could be formulated using the most recent surfac7

and upper air observation.

Lewis (1951) compiled tables displaying cloud droplet and liquic waer

content for a large number of aircraft observations segmented into hree >r'-.

cloud type categories, i.e. stratus and strdtocumulus, alto-stratus and alto-

cumulus, and cumulus or cumulonimbus. Separating these categories :co-

graphically between the Pacific Coast and other regions of the United States

showed that in general cloud drops for corresponding west coast cloud tyue:

are about 2 micrometers larger in radius. Although cloud base temperature

and to a lesser extent the cloud base pressure height contribute to chances-

in the mean particle size we were unsure whether sufficient differences ex-

isted between clouds on the Pacific Coast versus those in Eastern U..A.

We used data prepared by the Naval Weather Service in 1976 on 'Climatlic

Study of the Near Coastal Zone" from two publications, "East Coast of the

United States" and "West Coast of the United States." On the average th-

surface air temperature is 10°F warmer in the winter al San Francisco than at

Philidelphia and the reverse in summer, so the yearly surface air temi)eratures

are about the same value. More important, however, is that the west coast
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clouds occur significantly more frequently at lower heights with warmer cloud

base temperatures. This is especially noticeable during the winter when r,os"

of the clouds exist and when more than 50 per cent of the west coast clouds

have a ceiling height of less than 1000 feet whereas only 15 per cent are

found at the same low levels on the east coast. We also analyzed Selby's

drop size measurements in low level stratus in another country, England,

(Blifford 1970). This was interesting since most of the individual cases gave

a mode radius of 2 micrometers for cloud droplets within the lower 30 to 60

meters of their stratus clouds. Such small droplets near the cloud base are

reported more frequently in the later literature as instrument neasuring tech-

nology improved. The main point is that ma)or features of these liquid clouc.s

from wide geographical locations were found to be represented by our follow-

ing procedures. Spatial distribution of the microstructure of cloud liquid

water content varies considerably In both horizontal and vertical directions.

This is especially true for convective type storms where vertical cloud de-

velopment is more pronounced, vertical motions are higher, the total cloud

cellular structure is often composed of a combination of individual sub cells,

and the turbulent motions produce more entrainment of drier ambient air which

reduces the available liquid water and causes gradients in the actual liquid

water content. A possibility does exist to use remote probing techniques to

better define the actual cloud microstructure. However, since this study is
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restricted to using standard surface and upper air observations, ve nave

develop techniques to depict major features associated wi'r. L.hs> : '--

scale phenomena. Using information contained in our CIVAS (cuu, 1212

visibility analysis system) we can specify the cloud base heigh" and tempEr-

ature, cloud type, and vertical and horizontal extent. From this v¢';- car.

compute the available liquid water content produced by cloud air risino

along its moist adiabatic lapse rate. This approach produces the amoun.t

of liquid water that can be expected at each level in the cloud. As dis-

cussed above some of this water has to go to injecting moisture into t-e

dry entrained air to bring it to saturation and thus the actual lcxx' water

contained at any cloud level is less than that expected from .-purely ac;a-

batic processes. Furthermore this effect and moisture recuction r.,c, ,

with altitude in the cloud. A number of cloud physics studies hav, -

made showing the changes of the ratio of actual cloud licuid water

expected adiabatically as a function of height above the cloud base,

Pruppacher (1980). In general the actual liquid water is a high L.eicen:ac,-

of that available near the cloud base and decreases to nearly a quarter o,

that available by one kilometer above the cloud base and remains essentially

constant at higher cloud levels. We have fitted these data with a linear

curve covering the first kilometer of the cloud and a constant value of 0.2

for the liquid water content ratio at higher levels in the cloud. The equa-

tions are
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W / W AL - 0.8 ZACB for ZACB = t "o I 'm '31)
and

WL/ WAL 0.2 for ZACB > I k. (32)

where Z is the height in km above the cloud base and !he ra'i- is rr'

cloud liquid water conten: (WL) relative to the cloud liquir" wa:er con,,:n"

available (WAL) through moist adiabatic processes. This infotma' ion w :1

be combined with other cloud characteristics to obtain a -measure of size

distribution and number concentration of cloud dioPle-s a, different heiqg:s

in the cloud.

Complicated equations are necessary to precisely deriv.e the corn: lica:-'

pseudoadiabatic lapse rate as a function of temperature and pressure at tr.

cloud condensation level, including both the liquid or ice stage of the clo ci.

Another set of equations is necessary to derive the saturation mixing ratio

over water and over ice as a function of air temperature and pressure wi'r.-

in the clouds. By incrementally solving these equations it is possible to

derive the available liquid water at each level in a cloud. This precision

is unwarranted at this time. Considering the uncertainties in other approx-

imations to depicting cloud microphysical features, we have derived the

following simp ified equations to derive the available liquid water concen'ri-

tion, WALI produced by moist adiabatically lifted air
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for the first kilometer in the cloud

AL (1.42 - 0.05 TCB)  
7 ACB 33)

and for heights greater than one kilometer above cloud base

WAL = 1.42 + 0.05 TCB +( 0.R4 - 0.035 TCF)(ZAc B- 1) (34)

where W is in g m- 3 , T is the cloud base temperature in °C and Z,-C_
AL C8

is the height above cloud base in km.

Next we wanted to obtain a quantitative me'hod to diivc the nod., r, -

dius rc since this is a necessary variable in utilizing the previously c-

cribed exponential distribution. The peak radius of a size distribution

curve was found to be directly proportional to :he amoun: of licuid water

and the cloud base temperature. We empirically derived

rc 3.17 x 104 VVL) 1/3 (35rc 30- 8 TCB

where rc is the mode radius in micrometers, WL is the cloud liquid water

content in g rn 3 , and TCB is the cloud base temperature in °C. This

equation was derived assuming a shape factor of = 2 and using contineniial

cumulus cloud data to derive N - 340 - 8 Tcs in order to relate the aver-

age total cloud base droplet concentration to cloud base temperature. Be-

cause of the limited time available for this study, this equation was "en

used for all cloud types. In order to derive the mode radius a, the cLuJ
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base, we assumed no entrainment within the first tenth of a kilometer of

the cloud to derive W L , which is then dependent only upon the cloud base

temperature. Therefore, the mode radius r c at any cloud base is given

only by the cloud base temperature, producing mode radii equal to 2.8,

3.5, and 4.5 micrometers for cloud base temperatures of 10, 20 and 300 C

respectively.

We then explored two methods to depict vertical changes of the mode

radius within a cloud. We used aircraft observations, Blifford 1970, of

summer cumulus and obtained the following best fit equation

rcz rcZCB + 2.3 ZACB (36)

where rc,Z and rc,ZCB is the mode radius at any height Z within the cloud

and at the height ZCB of the cloud base, respectively, and ZpCB is the

height in kilometers above cloud base. The other method was to use .he

above equations to derive liquid content and mode radius at any given

height within a cloud of known base temperature. Also used was Eq. (23)

to derive the shape factor a, Eqs. (10) and (12) to derive the B and A

coefficients, and Eq. (11) to derive the total droplet concentration N per

cubic centimeter volume. Before looking at detailed comparisons of computed

versus observed droplet characteristics as a function of height within a

cloud, we will look at comparisons with more grossly averaged cloud char-

acteristics.
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Observations from 5 different investigators (aufm Kam,:,e N ecmr 7

were combined to produce a frequency distribution d' medr 'ineal

radius and water content for layer (stratus) clouds, fair w(-i'.-r mu.J,

and cumulus congestus or cumnulonimbus. We assumed ar.~rr~

base temperature of 1500 and used the observed liquid wdter con~en,:*

compute the expected mode radius. The results are:

Observed Corn outed
liquid mean mod e m-.ode diffei ence

Cloud Type water radius radius radius

stratus 0.15 5.5 3 .7 2.8

fair weather cumulus 0.6 5.5 3.7 4.4 q

cumulonimbus 2.4 12.5 H. 3 6.9 1 .4

The internal microphysical structure of layer clouds (aufm Kampe

Weickman 1957) was subjected to the same analysis and assumptions as

above to obtain averaged conditions for the base, middle, and top of thesce

clouds. The results are:

Observedi Computed
Cloud Type Location liquid mean mode mode difference

water radius radius radius

stratus base 0.03 5.5 3.7 1. 2.

nimbostratus middle 0.15 5.5 3. 7 2.8 D

top 0.3 8.4 5.5 3.5 .2-0

stratocumulus base 0.15 5.5 3.7 2.8 9. 9
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Observed Computerd
Cloud Type (cant.) Location liquid mean mode mode dP fere-n-,

water radius rad:us radius

altocumulus middle 0.30 5.5 3.7 3.5 0.2

(altostratus) top 0.15 5.5 3.7 2.8 0.9

It is interesting that the differences between computed and observed mode

radius are about one micrometer for almost all cloud types, except stratus

where computed values are about two micrometers too small.

We looked at greater vertical detail of cumulus cloud observations

(aufm Kampe & Weickman 1957) and used both methods described above to

compute expected conditions. In this case the average cloud base temper-

ature was 25 0 C and we obtained the following comparisons for cumulus

clouds:

Height
Within Observed Computed "A" Computed "
Cloud Lr W N WT N AL N

base 2.0 0.15 330 3.8 0.25 24b 3.8 0.25 2-6

1 km 9.2 1.0 150 4.8 0.53 153 6.1 0.53 74

3 km 9.9 2.8 60 6.4 1.22 50 10.7 1.22 10

5 km 7.9 2.0 50 7.4 1.91 52 15.3 1.7l 13

where computed "B" uses empirical Eq. (36) relating mode radius as a

function of only initial conditions at cloud base and height above it wherc

as computed "A' uses the computed vertical distribution of liquid water ard
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the corresponding shape factor and mode radius for a given clouc base :-

perature. In all cases, total particle number content is best obtainec; a:

all levels within a cumulus cloud by using method "A", whereas in mon "

cases method "B" provides the best representation of the mode radius. C

liquid water content is computed the same for both methods and is a3waV.s

somewhat smaller than observed. This implies our entrainrnent c qa:on is

exerting slightly greater influence than required for this case. A:cuall:,

with a higher liquid water content computed, a larqer mode radius wo..,!ii t-e

computed and method "A" would be most applicable overall.
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2.2.2.2 Dynamic Procedure

Using objective surface and upper air analysis techniques, such

as CIVAS, obtain cloud type, cloud base temperature, cloud

height above ground level, and horizontal and vertical extent.

2. Compute the liquid water content applicable at or near the cloud

base using Eq. (33) with ZACB = 0. 1 km.

3. Combine the cloud base temperature and liquid water content in

Eq. (35) to derive expected cloud base droplet mode radius.

4. Derive the cloud liquid water content as a function height in the

cloud by applying either Eqs. (33) or (34) and applying 'he en-

trainment factor Equations (31) or (32), depending upon height

above cloud base.

5. Determine the exponential shape factor using Eq. (28) at each

desired height in the cloud where liquid water content was com-

puted.

6. Use Eqs. (9), (10), (11), and (12) to derive the details of .he

number concentration and drop size distribution as a function of

horizontal and vertical distance within the cloud.
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2.2.3 Rain

2.2.3.1 Ground and Upper Level Variations

Wartime radar research provided special urgency in measuring rainir mL

size distribution. In 1943 Laws and Parsons began a new approach o "

problem by collecting raindrop size data and relating them to the intensity
of precipitation. They found as rain intensity
increased so did the average raindrop size. Also they could use climato-

logical rain rate data to infer drop sizes and effects on radar fc.r differer"

geographical locations and seasons of the year. Today our communica*ion.

and weather reporting network is such that daily arid hourly routine meteoro-

logical observations are available on a global basis. After World War N.

the Stormy Weather Research Group at McGill University studied wea*hcr:

radar responses to rainfall. Marshall and Palmer (1948) then found that r.c

raindrop size distribution relative to rain rate could be fitted by

N (D) = N exp(- bD) (37)0

where N (D) is the number raindrop per unit volume ( m3 ) and ,Wr urit ircp

diameter D (mm), NO is the limiting value of N (D) for D = 0 and is of*en

taken as N = 8000 m mm and the coefficient b in units mrm - is re-

lated to the rainfall rate (R) in mm hr - 1 by

b = 4.1 R- 0 . 2 1 mm- 1  (3R)
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Fig. 19 shows the raindrop size distribution as a function of rainfall rate,

Laws and Parson data (broken line), and observations at Ottawa (dotted

lines). It can be seen that good correspondence exists for all raindroi

sizes and rainfall rates except for the smaller drops where the Marshall-

Palmer method overpredicts the number of small raindrops. There is also

an upper raindrop size limit because large drops (5 or 6 mm) become un-

stable and break up. Cole et al (1969) suggests limitinc the Marshall-

Palmer method to raindrop diameters between 0.75 and 2.25 mm for rain

rates around 1 mm hr - 1 , between 1 .'-,5 and 3 mm for rain rates near 5 m.

hr - 1 , and between 1.5 and 4.5 mm for rain rates qreater than 25 mm hr - 1

In general, however, the Marshall-Palmer method performs reasonably well

to provide an average drop size spectrum for a given rairirate. In Switzer-

land, loss found the Marshall-Palmer model performed well for the same

type of continuous precipitation in which it was developed but for drizzle

and thunderstorm precipitation the coefficient N had to be increased an(i

decreased by a factor of 4 and 1/8th, respectively.
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Fig. 20 shows the large variety of raindrop size distributions tha* exis*

for different goegraphicai locations, type of rain, and rainfall intensi'7.

Blanchard's curves 1 - 3 are for Hawaiian in-cloud measurements mad(- 3' or

near the dissipating edge of non-freezing orographic clouds, while curves

4 - 7 represent data taken at the cloud base. Curves 8 - 9 are for non-

orographic rain distributions. Curves I - 3 are typical of what is exL.Ected

in a combined light rain, drizzle, and cloud environment, that is the pari-

cle size distribution is narrow and the peak frequency occurs at very small

drop sizes. From the cloud base to the earth's surface it can be seen tna"

the peak frequency or mode drop diameter increases and the distribution

broadens as rainfall intensity increases. This is also observcu in our

particle size and number concentration distribution for mist, drizzle, light

iain, moderate rain, and heavy rain in Tables 3, 4, 5, and 6, respectivvly.
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TABLE 3 Mist and Drizzle Particles

PARTICLE SIZE AND NUMBER CONCENTRATION DISTRIBUTION

PARTICLE NUMBER PARTICLE RADIUS
WEATHER TYPE DENSITY (Km- 3 ) (Kin)

MIST

(0.05 m./hr) 6 X 10 6.5 X i0-

13 X 109  15 X 10- 9

51 X 109 35 X 10- 9

69 X 109 75 X 10- 9

51 X 109 ISO X i0 -r

10 x 109  250 X 10-9
2 x 109 350 X 10- 9 "

.S x 109 450 X i0-9

.I x log 550 X 1O-9

DRIZZLE

(.25 mm/hr) 6 X 109 6.5 X l-
13 X 109 15 x 10-9

51 X 109 35 X 10- 9

80 x 109  75 X 10-9

85 x 109 150 X 10--9
26 X 109 250 X 10-9

9 x 109 350 X 10-9
3 X 109 450 X 10- 9

1 X 109 550 X 10-9
.3 X 10 9 650 X 10-9

1 X 109 750 X 10-
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TABLE 4 Light Rain Particles

PARTICLE SIZE AND NUMBER CONCENTRATION DISTRIBUTION

PARTICLE NUMBER PARTICLE RADIUS
WE-ATHER TYPE DENSITY (Km 3 ) (Km)

LIGHT RAIN

(1 mm/hr) 6 X 109  6.5 X 10- 9

13 X 109  15 X 10 - 9

51 X 109 35 X 10- 9

85 X 109 75 X 10- 9

106 X 109 150 X 10- 9

54 X 109 250 X 0-9

24 X 109 350 X 10 9

11 x 109 450 X 10 9

5 X 109 550 X 10- 9

2 X 109 650 X 10-9

1 X 109 750 X 10 9

.4 X 10 850 X I0 - 9

.2 X 109 950 X 10-9

.3 X 109 1250 X I0-9

I

77



TABLE 5 Moderate Rain Particles

PARTICLE SIZE AND NUMBER CONCENTRATION DISTRIBUTION

PARTICLE NUMBER PARTICLE RADIUS
WEATHER TYPE DENSITY (Km - 3) (Krn)

MODERATE RAIN

(4 mm/hr) 6 X 109 6.5 X 10 - 9

13 X 10 is X 10 - 9

51 X 1039 5 X10- 9

90 X 109 75 X 10 9

146 X 109 150 X 10
87 X 10 250 X 10
49 X 109  350 X 10

- 9

27 X 109 450 X 10- 9

15 X 109 550 X iC - 9

8 X 109 650 x lo-

4 X 19750 X 10-
2 X 109 850 x lo-9

1 x 109 950 X 10 -0

.2 X 1 8so x .12 -0

.1 x 107 5o X 10-9
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TABLE 6 Heavy Rain Particles

PARTICLE SIZE AND NUMBER CONCENTRATION DISTRIBUTION

PARTICLE NUMBER PARTICLE RADIUS
WEATHER TYPE DENSITY (Km- 3 ) (Km)

HEAVY RAIN

(16 mm/hr) 6 X 109 6.5 X 10- 9

13 X 109 is x lo - 9

51 X 109 35 X 10 - 9

92 X 109 75 X 10 - 9

160 X 109 150 X 10 - 9

110 x 109 250 X 10 - 9

75 X 109 350 X 10-9

50 X 109 450 X 10-9

32 X 109 550 X 10- 9

20 X 109 650 X 10- 9

13 X 109 750 X 10- 9

8 X 109 850 X 10- 9

6 X 109 950 X 10 - 9

13 X 109 1250 X iO - 9

2 X 109 1750 X 10 - 9

.1 X 109 2250 X 10 9
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We have developed models to represent the s'multaneous vertical

variations in rain rate and liquid cloud content from the earth's surface

to cloud top. Shown in Table 7 and 8 is our summer mid-latitude mod-

erate (6 mm/hr) and heavy (15 mm/hr) rain model which provides air pres-

sure, temperature, relative humidity, cloud content, and rain rate as a

function of height in the atmosphere. Notice that they both have the sa:r.-c

cloud base and top but differ significantly in cloud liquid water contert an'j

rain rate outside and within the cloud. The rain rate decreases rather

slowly (at about 0.5 mm/hr/.25 km) from the surface to about midway h r:u)ic

the cloud where it drops to near zero very rapidly. This same vetical

variation in rain rate was found to also prevail at tropical latitudes for *he

same heavy rain situation, Fig. 9, but where the cloud top extends to far

greater heights.

The general form of the exponential function, as given in our Eq. (4),

has been simplified and used by Bent, Deirmendjian, and Khrgian and

Mazin to specify static models of rain. If we take our Eq. (17) and inser

the difference in velocity between the updraft (V u ) and terminal fall ( VT

velocity, (VT - Vu ), in the integrand it transposes the left hand side of

the equation from the total mass concentration of liquid water into the rain-

fall rate. When the updraft is small relative to droplet terminal fall velo-

cities then the equation simplifies, and, as shown in Fig. 21, remains
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TABLE 7 Moderate Rain (6 mm/hr) For Summer Mid-Latitudes

MAIN. sWflL A1NaSPHIP1 - 0Wogaic 0ats. - 6 us.,.. "59sODIL - Mo-jLaITuKt

HEIGHT POWSAME 7VVU6tnall P(LAl IV9 CLOUD CON.TENT PAIN. SAVE
18191 twoi 10G a I HUNhII 490.'1CU nP inl

*See 1813.60 fo7.?6 3.00 0.6006 6.000
*2&" 633.00 204.20 3.060 .?Go# 5.500
.SO 5b00 2411.1920.00 .660.100 4.400
.750 920.0 20.6.066 .3206 3.S06

1.006 399.64 M6.70 1.600 .3300 3.600

o.2se 072.00 2111.20 1.066 .3600 -0.600
4.5o "aP900 17002.63.600 .3600 -. 660
5.000 SP0.00 MAO.. 1.000 .1300 -0.600
P.000 7905.0 254.0 1.666 .000 0.100

.6000 472.06 P73.20 3.000 .0506 -6.O0

366o 41.60 P44.70 1.000 .300 -0.000

7.606f 636.66 742.06 1.000 .6300 -6.000
7.66e 1577.40 61.@0 1.000 -. 06*0 -0.060
S.000 %0.00 ?34.00 3.000 .-0.66 -0.06
6.500 310.00 2296.06 1.000 -. 0006 -6.00
.660 361.66 225.60 1.930 .**** -0.000
fsf 0.0 9.0 ?26.06 1.600 -. 6600 -6.600
3000 10.00 23.26S 1.05 600 .60 -6.006
?.S066 320.60 23800 1.00 -6.90000 -0.600
32.66 1%3.86 23.76 1.000 -0.066 -6.066
334066 305.66 23907 1.006 -6.6000 -6.600
34400 303.00 ?25.90 .043 -0.0660 -0.006

3S.66 26s.60 23907 .630 -0.0066 -0.066
10.666 301.60 M23.0 as*3 -06060 -0.060
37.60 37G.9 230.16 .639 -0.6600 -6.066
12.060 175.60 214.70 .10 -0.0000 -0.066
139.00 44S.36 230.70 .$ -0.60600 -6.666
2*06 14.70 ?30.76 .631 -6.0666 -0.006
22.06 tre.94 230.76 .001 -6.0666 -6.006
4660 lei.@ M%6.76 .0 -6.0660 -6.060

17.600 07.00 222.76 .09 -6.060 -$.#Of
16066 711.00 224.70 .06 -0.0000 -0.6000
16.606 33.76 21.70 -. 006 -6.6660 -0.606

35.606 .02706 -. 066 -0.0000 -6.6

40.06200 3.06 -6.660 -0.6066 -0.060

415.666 3.46 705.66 -606 -6.6636 -6.006
%*.s66 .66 M7.76 -6.0*6 -.. 660 -6.006



TABLE *a Heavy Rain (15 mrn/hr) For Mid-Latitudes

ftAlh MOEL ATKSPME4C - MCAVV 01AIll. 15 "('N'H V.$ pI~t O . -

G"T RESSURE TfEqEAfV4E RL E CODC4ft 41 QT
0) V ((.I/CU 4

9613.09 2 &S2 1006 0a01 1'..1 00

10 926.0'D 94 1.0 l:~ 0
#6 .264 1.1 Pgo0 3.Q

It SO 0 , 0

F1.8.06I0 1:000 .. 0 ~0
70001.0 1.0 ..500

N 1.000 A$.O , a.0 .1te00.I0c

6.S00 t, C.00 2i56 0a 0~~ Load0 40.000
2.0 "00 ?St .0 1:000 4 50 ID00

a'0 So.0 2 a.21 1.0 1O~ 1 : 0030

.5 0 35Z.00 z .0 1.001 0000 0 00

.00 316.a ? 3"q5 :1 0 -0.3000 0 00
0..008

go00 333.1O0 2220 ou :0 - 0
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1 go 6601 10 e16. 70 11 0a -0.0000 -0 000
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19.005 .00 06:10 01 -0000 D.O.
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TABLE 9 Heavy Rain (15 mm/hr) For TroDlcal Latitudes
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only dependent upon raindrop size. This rain rate equation could be sQei

as a feedback mechanism and interate between it and the assumed for-. of

the n(r) equation. That is to say, for the Marshall-Palmer equation one

could assume an initial value for No, solve the integral to obtain a firs"

guess value for R, compare the first R value with that observed, selec: a

new value for No to reduce the difference between observed and compue

R, and iterate to obtain the most applicable N o for that rain. A simildr

approach can be used with the exponential or modified gamma function. as I-

aid In modifying one of the parameters such as the shape factor and/or th-

coefficient A which is related to the liquid water content. Fig.22 shov's th

log log relation that exists between rainfall rate R (mm hr - ) and liquil V:-

ter content WL (g m - 3 ) of raindrop. Two equations express this analy.-

as

WL = 0.072 R 8 8  (

for Marshall-Palmer rain and

WL = .11 , 8 8

for Joss drizzle.

In fact, for many obscuration problems it is possible to infer sensor a'tei u-

ation directly by meteorological measurement of rainfall rate on liquid water

content. This is especially noticeable in the microwave portion of the spec-

trum as shown in Fig. 23 as well as in the visible and infrared (Low 1979)

for other weather features such as fog. Here, however, we are interested
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in specification of raindrop size distributiors and we have two strong can-

didates, the exponential approach that we previously used for togs and

clouds, and the Marshall-Palmer method. During the course of analyzing

both approaches, we analyzed Marshall-Palmer type data from several sour-

ces, geographical locations, and rainfall types and was able to obtain a

best fit equation that solves the coefficient No problem previously discussed.

Figure 24 shows our plot of the variation of No coefficient relative to rain-

fall rate with best fit equation being

No = 12000 (-.7)

This equation alters the raindrop size distribution properly by increasing

the population of small droplets in drizzle while decreasing the population

of raindrops associated with showers and thunderstorms. By combining

Equations (37), (38), and (41) it is now possible to have a single analytical

expression for deriving raindrop particle size distributions for all rain/~

drizzle/mist type environments and geographical locations using only routinely

measured rate of rainfall.
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2.2.3.2 Dynamic Progedure

1. Using objective sarface and upper air analysis techniques,

as CIVAS, obtain rainfall rate, heicht of cloud base arnd te

and horizontal changes in precipitation and cloud features.

2. Solve Equations (38) and (41) to obtain applicable values of

and N o given the observed rainfall rate at the earth's surfac,.

3. Solve Eq. (37) to obtain raindrop size distributions over a sei,

ed range of raindrop diameters from 0.75 to 2.25 mm for rjinra '-:

equal to or less than 1 mm/hr, from 1.25 to 3 mm for rainr-i.es

greater than 1 mm/hr but less than 25 mm,/hr, and from 1.5 "¢

4.5 mm for rainrates equal to or creater than 25 mrn/'hr.

4. Obtain the vertical distribution of rainfall rate by decreasingi :

surface value by 0.5 mm/hr per 0.25 km height in the t:, '

up to the mid-point height in the cloud at which the rainratc ir

to zero.

5. Use the above derived rainrate distribution in the horizontal and

vertical to derive changes in raindrop particle size distributions

in the cloud-free air and cloud environment.
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3. CONCLUSIONS AND RECOMMENDATIONS

1. Dynamic models are presented for specifying par le size dis-

tributions in horizontal and vertical directions for haze, fog,

cloud and rain conditions given only routinely available meteoro-

logical data. Case studues showed these models performed well

individually and when used together. This effort should be

viewed as the first step in developing dynamic models that are

responsive to observed and forecast weather changes. These

models need to be applied, tested, modified, and improved.

2. More complete microphysical observations are needed not onl,'

to better understand atmospheric processes but also to provide

better inputs to such meso- and synoptic scale models as de-

veloped here. Efforts should be made to incorporate and combine

these dynamic models with such Army Cloud Fog Analysis System

(CFAS) and Cloud/Ice/Visibility Analysis System (CIVAS) to de-

pict natural obscurants at any desired time or location.

3. A more cooperative working environment must be created betweenr

the micro- and macro- atmospheric physicist. The micro-physic ist

feels threatened to think that Army users could be satisfied witlt

only macro- scale data. In turn, the macro- physicist feels

threatened when told only extensive microphysical observations
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can provide necessary details. We have a lot to accomnDpis: i!

we are to someday be in a position to help our Army ,r )vi'

day to day and hour by hour assessments of defensive and of-

fensive weapon effectiveness. This requires all talents oFera ..

collectively with realistic guidelines on what meteoroloqcai at

will be available for use in specifying and predictina -bscu'-a-

for a Field Army.
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